BACKGROUND: Viral load testing for cytomegalovirus (CMV) is an important diagnostic tool for the management of transplant recipients and immunocompromised individuals; however, inconsistency among laboratories in quantitative measurements of viral load limits interinstitutional comparisons. These inconsistencies stem from the lack of assays cleared by the US Food and Drug Administration, the absence of international standards, the wide variety of CMV-extraction and -detection methods, and differences in materials used for calibration. A critical component of standardization is the use of calibrators that are traceable and commutable.
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Cytomegalovirus (CMV) 6 remains an important pathogen in transplant recipients. Studies have shown that viral load (virus concentration in copies per milliliter) is correlated with the development of disease (1, 2 ) and can be used effectively to monitor response to therapy and to make decisions regarding when to initiate preemptive therapy (1) (2) (3) (4) . One of the major limitations of viral load testing is the lack of standardization of values for different quantification methods. A recent multicenter international study that examined qualitative and quantitative results reported by laboratories after testing a standardized CMV panel with quantitative nucleic acid testing methods demonstrated substantial imprecision in the reported results (5 ). Imprecision was highest at low viral loads and with the use of laboratory-developed assays, and interlaboratory imprecision was significantly greater than intralaboratory imprecision. For this reason, thresholds for predicting CMV disease in preemptive programs are institution or laboratory specific and cannot be generalized. These thresholds vary from 200 -500 copies/mL in some laboratories (6, 7 ) to 2000 -5000 copies/mL in others (1 ) . There are several factors responsible for differences in CMV values between measurement methods. One factor is that no nucleic acid tests for CMV quantification have been cleared by the US Food and Drug Administration (FDA). Additionally, the available quantitative PCR assays for CMV amplify different target regions and use different primers and probes for amplification and detection. Furthermore, methods for nucleic acid extraction differ in their sample-input volumes, elution volumes, extraction efficiency, and ability to remove inhibitors. One of the most important factors is the lack of an international standard; CMV reference materials are not currently available from the WHO or the NIST, although they are under development. Consequently, many laboratories resort to pro-ducing their own calibrators, but these materials can differ with respect to analyte, matrix, value-assignment method, and units of measurement. Considering all of these factors, it is not surprising that measurements of CMV viral load vary with the laboratory that produced the result (8 ) .
Use of a common calibrator with 2 different methods of viral load quantification can help standardize results, because mathematical relationships can be established between the nominal virus concentration of the calibrator and the result produced by each method; however, because no single calibrator is available in unlimited quantities worldwide, an important aspect of calibrators is that their values be traceable to an independent standard (9 ) . Traceability ensures that the values and uncertainty assigned to a reference material (control or calibrator) are linked by an unbroken chain to a calibrator of a higher metrologic order. According to International Organization for Standardization (ISO) 17511:2003 (10 ), the highest level of calibrator is a primary calibrator that has values in International System of Units (SI), but in the absence of such a calibrator, an international conventional calibrator such as a WHO standard can be used. For analytes for which no international conventional calibrator is available, such as CMV, manufacturers of reference materials should use a working calibrator for establishing traceability (10 ) . In this scheme, once international conventional calibrators become available, the traceability chain of the manufacturer's working calibrator can be extended to incorporate higher-order calibrators.
Another important aspect of reference materials is that they are commutable (11 ) . The property of commutability ensures that the reference material produces results that are consistent with authentic clinical samples when tested with the intended measurement methods. Traceability alone does little to establish standardization across measurement methods because clinical samples can have a much more complex composition than reference materials. Because quantification methods differ in their ability to remove inhibitors, extract nucleic acids, and amplify the appropriate target from clinical samples, the relationship between nominal and observed virus concentrations for the calibrator may not represent that of patient samples. It is well established in clinical chemistry that a commutable calibrator is required to achieve accurate clinical results. For example, calibration of assays with noncommutable reference materials has been shown to change patient results from nonpathologic to pathologic and vice versa (12 ) .
The importance of commutability first became apparent through national efforts in the 1960s to standardize cholesterol measurements (13 ) . Since then, commutable reference materials have been established for several analytes, including glucose, triglycerides, and others (14, 15 ) . Although the commutability concept has been emphasized in the area of clinical chemistry, it has not yet been applied in the area of nucleic acid testing. In this report, the commutability of 2 calibrators for CMV nucleic acid was assessed with 2 different methods for measuring CMV viral load. This report represents the first commutability study performed on reference materials for nucleic acid testing.
Materials and Methods

CMV CALIBRATORS AND CLINICAL SAMPLES
Both CMV calibrators were derived from CMV strain AD169, which was cultured with human foreskin fibroblasts, purified by sucrose density gradient centrifugation, and resuspended in 10 mmol/L Tris, 150 mmol/L NaCl, 1 mmol/L EDTA, pH 7. The 40 patient samples used in the study (whole blood anticoagulated with EDTA) were sent to the Emory University Hospital Molecular Diagnostics Laboratory for routine testing of CMV viral load. Residual plasma was stored at Ϫ20°C before testing in this study. Samples were thawed, and 250-L aliquots were stored at Ϫ70°C before distribution to both laboratories. This protocol was approved by the Emory University Institutional Review Board (Protocol No.
247-2001).
EXTRACTION AND AMPLIFICATION SYSTEMS
Different extraction and amplification systems (referred to here as method 1 and method 2) were used in 2 independent laboratories™ (Table 1) . For method 1, the extraction method used was the automated Roche MagNA Pure method with the LC Total Nucleic Acid Isolation Kit, which uses magnetic glass particles to isolate DNA. This procedure was used in combination with the Qiagen/artus™ CMV TM ASR, which amplifies and detects the UL122 7 (immediate-early 2 transcriptional activating protein) gene. Thermal cycling and real-time detection were performed with the ABI Prism 7500 (Applied Biosystems). The quantification calibrators provided by the manufacturer were used for calibration. This method was linear from 2.5-7.0 log 10 copies/mL. For method 2, the Qiagen QIAamp DNA Mini Kit, which uses columns with silica gel membranes to isolate DNA, was used for manual extraction. Real-time PCR was performed with a laboratorydeveloped real-time PCR test that amplifies and detects the UL55 (glycoprotein B) gene of CMV. Thermal cycling and real-time detection were carried out with the Roche LightCycler instrument (16, 17 ) . The assay was calibrated with DNA from CMV strain AD169 spiked into plasma. This method has a linear range of 2.0 -7.0 log 10 copies/mL.
STUDY METHODS
The commutability study was designed according to CLSI guideline EP14-A2 (18 ) . Forty clinical samples were tested in duplicate, and the 2 AcroMetrix CMV calibrators were tested in triplicate in both laboratories. Four of the 40 clinical samples tested were below the limit of quantification for method 2 and were removed from further analysis.
STATISTICAL ANALYSIS
Evaluation of commutability. Examination of commutability and the matrix effect involves establishing a mathematical relationship via regression analysis between 2 sets of assay values for a group of clinical samples and then evaluating whether the reference material falls within the prediction interval of the clinical regression line (18, 19 ) . Linear regression analysis was based on a Bland-Altman bias plot of the clinical sample results for the 2 methods. For further details, see the Supplemental Materials and Methods in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/vol55/issue9.
Bland-Altman plot and prediction intervals.
Viral load values were log 10 -transformed before analysis so that variation would be stabilized across the range of observed values to satisfy the constant variance requirement of ordinary least squares. The mean observed value for each clinical sample and each concentration of the 2 CMV calibrators was calculated for both laboratories. For each sample, the difference in mean values between the 2 methods was plotted against the mean of the values obtained with the 2 methods (20 ) . We calculated 95% prediction intervals with the formula in the Supplemental Materials and Methods in the online Data Supplement. Recalibration analysis. With the data obtained from the 2 CMV calibrators with each method, we generated a regression line that compared the nominal virus concentrations to the observed concentrations. The equation for this regression line was then used to adjust the observed results from the clinical samples tested with the same method. The difference between the 2 methods in the adjusted log 10 virus concentration was calculated for each clinical sample, and the numbers of samples within various ranges were counted and plotted as a percentage of the total number of samples. To determine the results for a perfectly commutable calibrator, we used the regression line for the clinical samples on the Bland-Altman plot to recalibrate each observed difference:
Simulated regression lines and prediction ellipses. The previous analysis evaluates each virus concentration of
where ␣ BA and ␤ BA are the slope and intercept, respectively, of the regression line for the clinical samples in the Bland-Altman plot.
Results
To assess the commutability of the 2 CMV calibrators, we carried out testing in 2 independent laboratories with different methods for measuring CMV viral load that vary with respect to the extraction, amplification, and detection methods ( Table 1) . Testing of the 36 clinical samples revealed virus concentrations in the range of approximately 2-6 log 10 copies/mL with method 1 and 3-7 log 10 copies/mL with method 2 (Fig.  1) . The variation observed was generally characterized by a CV of 40% or less, but the CV exceeded 40% with both methods at virus concentrations Ͻ3.5 log 10 copies/mL (Fig. 1) . With method 1, the OptiQuant CMV DNA Quantification Panel generally showed greater variation than the OptiQuant CMV tc Calibration Panel, but method 2 showed no consistent difference between the 2 panels in variation.
To further compare the results of the 2 laboratories, we analyzed the OptiQuant CMV DNA Quantification Panel and OptiQuant CMV tc Calibration Panel according to the independent calibration methods of each laboratory. With the OptiQuant CMV DNA Quantification Panel, a difference between the 2 methods of approximately 1 log 10 was observed (Fig. 2A) . The slope of the regression lines was close to 1 in both laboratories. With the OptiQuant CMV tc Calibration Panel, the slope of the regression line for method 2 was steeper than for method 1 (Fig. 2B) . For method 1, the regression lines for OptiQuant CMV DNA Quantification and the OptiQuant CMV tc Calibration panels were very similar (Fig. 2C) . In contrast, the regression lines for the 2 different calibrators were noticeably different for method 2 (Fig. 2D) .
To analyze commutability, we plotted the mean value of each clinical sample obtained with the 2 methods against the difference in the values between methods 1 and 2 in a Bland-Altman plot (Fig. 3) . The viral load values obtained with method 1 were consistently lower than those obtained with method 2 (mean difference, 0.66 log 10 copies/mL). A linear regression based on ordinary least squares was then performed for the clinical data plotted in this manner. The regression line is not parallel to the x axis because the bias between the 2 tests is not consistent across the linear range. The scatter in the data around the regression line confirmed that weighted regression analysis was not necessary. The 95% prediction interval for the regression line was calculated and plotted. Adding the results for the OptiQuant CMV DNA Quantification Panel and the OptiQuant CMV tc Calibration Panel to the Bland-Altman plot revealed that the OptiQuant CMV DNA Quantification Panel result for the 2.0 log 10 copies/mL panel member was below the 95% prediction interval, and the panel as a whole showed a trend of being below the clinical regression line. For the OptiQuant CMV tc Calibration Panel, all of the results were within the prediction interval, and the panel as a whole was more centered around the clinical regression line. These results suggest that the OptiQuant CMV tc Calibration Panel is commutable and indicate that the OptiQuant CMV DNA Quantification Panel, when considered as a whole, is not.
Bootstrapping methods were used to further understand whether the results observed for the 2 CMV calibrators were due to chance, in particular whether the observation that the result for the 2.0 log 10 copies/mL panel member of the OptiQuant CMV DNA Quantification Panel was outside of the 95% prediction interval was sufficient to conclude that this calibrator was not commutable. Simulations were carried out to obtain the range of slope and intercept values for the regression line of the 2 CMV calibrators, assuming they were performing similarly to clinical samples. The distribution of regression parameters indicated that the observed regression line for the OptiQuant CMV DNA Quantification Panel was near the ellipse representing the 99% prediction interval, suggesting that the observed results would have been expected for a commutable calibrator only 1% of the time (Fig. 4) . In contrast, the observed regression line for the OptiQuant CMV tc Calibration Panel could be expected approximately 50% of the time with a commutable calibrator. These results further support the conclusion that the OptiQuant CMV tc Calibration Panel is commutable and the OptiQuant CMV DNA Quantification Panel is not.
To further analyze the 2 CMV calibrators, we used each panel as a calibrator to adjust the observed values of the clinical samples in both laboratories. The effect of the calibrators was measured as the percentage of clinical samples for which the absolute log 10 difference between the 2 laboratories was within a certain range (e.g., 0.5 log 10 copies/mL). With the actual results from the 2 laboratories (i.e., with each method using an independent calibrator), the observed values of all 36 samples were within 1.4 log 10 copies/mL (Fig. 5) . Approximately 75% of the values were within 1 log 10 copy/mL and 45% were within 0.5 log 10 copies/mL. When the OptiQuant CMV DNA Quantification Panel was used to recalibrate the clinical results, the only notable difference was that a higher percentage of the re- sults were within 0.8 -1.1 log 10 copies/mL such that all of the clinical results were within approximately 1.1 log 10 copies/mL. With the OptiQuant CMV tc Calibration Panel, recalibration increased the comparability of the clinical results overall. The percentage of results within 0.5 log 10 copies/mL increased from 45% to 70%, and the percentage within 0.75 log 10 copies/mL increased from 60% to almost 100%. Finally, results were calculated on the basis of a perfectly commutable calibrator; this theoretical calibrator performed similarly to the OptiQuant CMV tc Calibration Panel, suggesting that the reason for the differences in clinical results between laboratories was due to the inherent imprecision of PCR-based tests rather than to the calibration. Therefore, the OptiQuant CMV tc Calibration Panel improved the results to the theoretical limit possible with the assays used.
Discussion
Because of the absence of international standards, the lack of FDA-cleared assays, the wide variety of extraction and detection methods used, and differences in reference materials for value assignment and calibration, measurements of CMV viral load in different laboratories are inconsistent. This lack of standardization prevents the establishment of broadly applicable viral load cutoffs for clinical decision-making and compromises the ability to compare results from different studies. An important step toward standardizing CMV testing is the development of traceable and commutable calibrators.
In this study, the commutability of 2 different calibrators for CMV nucleic acid testing (the OptiQuant CMV DNA Quantification Panel and the OptiQuant CMV tc Calibration Panel) was studied. The Panel with respect to the clinical samples could be explained by either the analyte or the matrix. Because both CMV calibrators were derived from the same standardized stock of cultured CMV, the difference cannot be attributed to the analyte but is more likely due to differences in the matrix. Because a substantial proportion of the human population carries antibodies to CMV and because antibodies have the potential to react with the viral particles that were spiked into each matrix, we tested the hypothesis that the difference in commutability was due to differences in the presence of CMV antibodies. As expected for pooled plasmas, both matrices were similarly positive for anti-CMV antibodies, suggesting that such a difference was not the root cause of the observed differences (data not shown). Both of the matrices used for the 2 panels are composed of normal human plasma pooled from multiple donors. The matrix of the OptiQuant CMV DNA Quantification Panel consists of an EDTA-based plasma derived from blood collected in bags coated with sodium citrate. In contrast, the matrix used in the OptiQuant CMV tc Calibration Panel is a purely EDTA-based plasma. It is possible that this difference in anticoagulants is the cause of the commutability differences. It is also possible that undefined component(s) of the plasmas from the 2 donor pools are sufficiently different in composition to cause the differences in performance compared with the clinical samples; however, considering the diversity of the 36 clinical samples, this possibility seems unlikely.
The assigned values for virus concentration for both the OptiQuant CMV DNA Quantification Panel and OptiQuant CMV tc Calibration Panel are traceable to the same manufacturer's working calibrator, but the impact of commutability, or the lack thereof, on standardization is profound. When the 2 panels were used to recalibrate the results observed for each method, the OptiQuant CMV DNA Quantification Panel had a very limited effect on improving the comparability of clinical results, because only the samples with the greatest differences showed improvement. The OptiQuant CMV tc Calibration Panel, in contrast, increased the similarity of the results for the 2 laboratories regardless of the initial difference. In fact, a statistically derived commutable calibrator indicated that the OptiQuant CMV tc Calibration Panel improved the comparability of results to the greatest extent possible for any calibrator. The remaining difference in values between the laboratories is likely due to assay imprecision and the fact that the clinical samples were tested only in duplicate. These results confirm the universality of the finding in clinical chemistry that calibrators must be commutable to be capable of standardizing testing between laboratories (11 ) .
The fact that the use of the same calibrator in 2 different laboratories does not necessarily improve the comparability of clinical results has wide-ranging im- Simulations were carried out to obtain the expected distribution of slope and intercept values for the regression line of the 2 CMV panels, assuming they were performing similarly to clinical samples. The slope and intercept of 1000 simulations were calculated, and the 50%, 75%, 90%, 95%, and 99% prediction ellipses for the simulated regression parameters were plotted for the OptiQuant CMV DNA Quantification Panel (A) and the OptiQuant CMV tc Calibration Panel (B). The actual slope and intercept for the OptiQuant CMV DNA Quantification Panel and OptiQuant CMV tc Calibration Panel are plotted (black circles).
plications for nucleic acid testing. Ideally, WHO and NIST standards for nucleic acid testing should have values that are consistent between lots and should be commutable between all assay systems. Because the achievement of such consistent and commutable standards is difficult to accomplish, the second-best approach would be to minimize lot-to-lot shifts in values of the WHO and NIST standards and to ensure that secondary reference materials are both traceable to these higher metrologic standards and commutable between representative assay systems. For analytes that currently lack WHO and NIST standards, such as CMV, we recommend that manufacturers of reference materials ensure traceability to an internal calibrator according to ISO 17511 and establish commutability between as many assay systems as practicable. Given the urgent need for standardization in the molecular diagnostics field, we recommend that this goal be a high priority for providers of reference materials as well as for the diagnostics laboratories that provide support for these studies. 
